Appendix A
Tradeoff Studies and Options Considered

Appendix A-1—Miiling

The three most cdmmon techniques for biomass size reduction are hammer milling, knife milling, and
disk refining. The pbwer consumption for both hammer and knife milling of wheat straw, aspen, corn
cobs, and corn stover}has been studied by Himmel et al. (1986). This study determined that knife milling
has the lowest power| consumption and is the preferred technique. Thus, knife-milled material has been
used for most of SEI#].’S experimental work (Spindler et al. 1989a, Spindler ct al. 1988).

However, based L:n the recommendations of ABB Sprout-Bauer, Inc. (1990), a manufacturer of all
three types of mills, z} disk refiner was chosen for this study. Both the hammer mills and the knife mills
carently manufacued haye limited cqnacity. Far examnle, the canacify of the largess knife mill availahle
is 8000 1b/h; thus, 20 mills are required to handle the same capacity as four disk refiners. The cost of
20U knite muils 15 $3. [ MR compared'to the cost o1 $1.48 MM 10r Tour aisk rerfners. ffowever, tie greder
power requirements ﬁor disk refiners (128 hp-h/ton, [ABB Sprout-Bauer 1990] compared to 85 hp-h/ton
for knife milling [Himmel et al. 1986]) makes the total cost (operating plus capital charges) for each
option approximately equal. But disk refiners were chosen because less solids handling equipment is
required to feed four disk refiners when compared to the equipment required to feed 20 knife mills.
Maintenance requirements are aiso expected’ 1o de fess severe or aisk reriners (Rmit mily wowly' requies
frequent repiacement} of the knife blades).

|
dprrudin A2—RPRIZRRINRRL
Introduction

Of the many biomass feedstocks available for ethanol production, one of the most abundant and
cheapest is cellulosi¢ biomass. Cellulose, a polymer of glucose, can be broken down into glucose by
enzymes and then converted to ethanol by ycast. However, hydrolysis of cellulose in raw cellulosic
biomass is difficult. This has been attributed to the crystallinity of cellulose and the lignin-hemicellulose
sheath that surrounds the cellulose. Thus, some form of pretreatment is necessary to disrupt the lignin-
hemicellulose sheath and increase the susceptibility of the cellulose to enzymatic attack. Pretreatment can
also hydrolyze hemigellulose to its individual sugar components. In the case of hardwoods and wheat
straw, the hemicellulose is composed primarily of the five-carbon sugar xylose, a sugar that ¢an also be
converted to ethanol. The conversion of xylose to ethanol improves the overall economics of the
cellulosic biomass-toi—ethanol process (Hinman et al. 1989).

Several processes can be used for pretreating biomass including autohydrolysis steam explosion, steam
explosion with an acid catalyst, dilute sulfuric acid hydrolysis, and the organosolv process. The dilute-acid
process uses low coﬁxcentrations of sulfuric acid at relatively low temperatures (160°C for 10 min) to
achieve almost complete conversion of the hemicellulose xylans to xylose (Grohmann et al. 1986, Torget
et al. 1988). However, prior to this step, particle size is reduced to nearly 1.0 mm, requiring' significant
amounts of energy. Both steam-explosion processes use high-pressure steam and rapid depressurization
to reduce the size of the biomass particle and partially hydrolyze the hemicellulose fraction. Both require
greratianally camn ax Steam exalosion guns With antabydralysis steam explosion. the vield of xvlose
is low (30%-50%) (Wright 1988). However, the yi€ld can be improved by using a catalyst, such as SO,
(Schwald et al. 1989), which is the basis for the acid-catalyzed steam-explosion process. The organosolv
process uses an organic solvent to dissolve the lignin and hemicellulose fractions from the cellulose. The
lignin is then precipitated from solution, leaving the xylose in the liquid strcam. This process is
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complicated and expensive, but produces a high-quality lignin stream that could be converted to high-value
products. ‘

Because of the low xylose yields and their negative impact on ethanol production economics, a
detailed analysis of autohydrolysis steam explosion was not carried out in this study. Furthermore,
because of the expense and complexity of the organocsolv process and because there are no current large
markets for high-quality lignin, this process was also not considered further. The economics of the two
remaining pretreatment options, steam explosion with an acid catalyst and dilute sulfuric acid pretreatment,
were evaluated with two different feedstocks: wheat straw and aspen wood chips. These materials are
representative of the performance expected for two of the most abundant categories of cellulosic biomass,
herbaceous and wood energy crops.

Methodology

Each of the four feedstock/pretreatment combinations is analyzed on the basis of total sugar (glucose
as unconverted cellulose and xylose) produced, which could then be converted to ethanol. The economic
information is summarized on the basis of total sugars, assuming 90% of the cellulose leaving the
pretreatment process could be converted to glucose. However, the analysis does not consider conversion
of cellulose to glucose or subsequent conversion of sugars to ethanol, but only considers the pretreatment
processes. A different yield of glucose from cellulose will change the absolute cost of the processes but
not the relative comparison between processes.

Process Description

Acid-Catalyzed Steam Explosion With Aspen Wood. A flowsheet of the acid-catalyzed steam
explosion process for aspen wood chips is shown in Figure A-1. The design for the steam-explosion
system is adopted from a design by Stone and Webster Engineering Corp. (Stone and Webster Engineering
Corp. 1985), and the design of the SO, recovery section is based on the work of several groups
(Schwald et al. 1989, Mackie et al. 1985, Wayman and Parckh 1988, Brownell and Saddler 1984).
Finally, the design of the lime slurry preparation system section is adopted from a study by Badger
Engineers, Inc. (1984).

Aspen wood chips are stored in an open pile and delivered by front-end loaders to a screen that
removes oversized material, which is sent to a rechipper. The screened material is loaded into a stainless-
steel steam-explosion gun. Each stainless-steel gun is a 3.5 ft (1.07 m) diameter pipe, 14.5 ft (4.45 m)
g, atsrgmed’ 10 650 poiy ({480 &), amd’ sedled’ o cdart end’ 0y quick-opeming, rfui-port pilug or dail’
vaives. ‘Once tne ¢nips are sedied inside the gun, steam and vaporized suliur dioxide are added, and the
chips are cooked for 2 min. Sulfur dioxide added to the gun is taken as a liquid from a carbon steel
storage vessel, pumped to 600 psig (4236 kPa), vaporized, and mixed with steam. After cooking, the
Iaterial is hlown down info a 316 stainless steel flash vessel qneratine at &) nsie (515 kPa)  The steam-
exploded wood then flows to a second 316 stainless-steel atmospheric flash tank where final cooling takes
place.

Vapor from each of the flash tanks is sent to partial condensers (304 stainless-steel tubes/carbon steel
shall The canslansats, sEY conaining ¢ simal! amiun of SO, & ol dr £ comsbisate recaiver; divar
pumped to a 316 stainless-steel open-steam stripping column. The SO, removed from the top of the
column is combined with the uncondensed SO, from the partial condensers, compressed to a liquid, and
naydrid hack te the ipud S0, Yemgr tank. The wates frun b Rt o e ~dumn s Rl '@ Wt
treatment. This extensive SO, recovery system is employed to significantly reduce any discharge to the
environment.
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Figure A-1. Flowsheet for acid-catalyzed steam explosion of aspen wood chips
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steam ﬁ;rom the downstream washing filter belt to obtain a pumpable slurry. The slurry is pumped to the
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slurry. | The cellulose lignin material can then be sent to an ethanol production unit. The liquid stream
from thie filter belt is sent to a stripping column, which is heated by a steam reboiler. The SO, removed
by thisﬂcolumn is comprpsgsed, condensed, and recycled back to the liquid SO, storage tank.

Thé acidified liquid (from conversion of SO, to H,SO,) from the bottom of the stripping column is
sens Joi 2 304 stainless-steel vessel for neutralization by a lime slurry. producing a neutral xvlose-
containing stream, which can be sent to an ethanol production unit. A small amount of this stream is
taken and mixed with lime in a carbon steel vessel to produce the lime slurry.

Acid-Catalyzed Steam Explosion With Wheat Straw. The wheat straw plant accepts bales that are
manag@d by a crane system and stored in a pile. After the bales are broken apart in a bale shredder, the
materiagjl is screened and seént to a separator bin that removes dirt, dust, and grains from the fibers. The
fhars ge dhar san &5 e steam-explesine gums.  The ramaintar o dhe provass is showr dr Rigae A-L

'Miqc.‘& Sdfnin. AL Ruatnaatmant, With, Asprn, Wead. A, flswshens, fon the dilnte wlfurie agid
procesq%j with aspen wood chips is shown in Figure A-2. The pretreatment part of this process is based
on the §besign of Torget et al. (1988). Wood chips are screened to remove the oversize material, which
is sentLtt(I) a rechipper. The acceptable material is sent to a disk refiner. Here the chips are milled to

reduce%" e particle size tc? a:pproximatcly 1.0 mm. Following this, the milled wood enters the steam-heated

impregnator where water and acid are added. This reactor e¢nsures that acid thoroughly diffuses into the
wood particles. The acidiﬂed slurry is then fed to the prehydrolysis reactor, which is steam-heated to
16()°C.H Both the impré;ghation and prehydrolysis reactors are constructed of Carpenter-20 alloy for
corrosion resistance. After prehydrolysis, the wood slurry is cooled by flashing to atmospheric pressure;
the shiry is subsequently cooveyed fo the rentralizatioo tank.  The vanars from the flash tank are
condedsed and sent to waste treatment. The sulfuric acid in the wood slurry is neutralizeéd in the
neutralization tank by a lime slurry and additional water is added to make a pumpable wood slurry.

SERI Proprietary Information

85 Do Not Copy



o //\’\( » To waste 4
chips ‘ Screen Water ;\J o E;
i cw 3
~t———— Acid
Cversized y . .
material Steam | g‘:‘:
1 Water
L Water
Disk 7 D\)&W
refiner
impregnator,
L_ Prehydrolysis
reactor
Neu(ram_—. Cellulose/
e lose/lignin
tank xylose/ligni

Figure A-2. Flowsheet for dilute sulfuric acid pretreatment of aspen wood chips

Dilute Sulfuric Acid Pretreatment With Wheat Straw. The design of the feed handling/storage and
preparation areas is the same as that described for acid-catalyzed steam explosion with wheat straw. After
screening the straw is sent to a disk refiner, and the remainder of the process is as described previously
for dilute sulfuric acid pretreatment with aspen wood.

Plant Capacity and Feed Composition. Process flow diagrams for each feedstock were developed
based on a delivered flow rate of 160,000 Ib/h (72,700 kg/h) of dry feedstock to the pretreatment section
of the plant. Aspen wood enfers the nlant at S0% maisturg and wheat straw anters the nlant af 12%
moisture (Strehler 1987). The chemical composition of each feedstock is given in Table A-1.

Design Basis

Acid-Catalyzed Steam Explosion. The chips are held in the steam-explosion guns for 2.0 min at
240°C (Schwald et al. 1989). An additional 0.5 min is needed for loading and preheating, and another
05 min is peeded far hlowdown and cleaning  The datal opale time per gae ds 3 anin, althoegh dhis hes
W e Wneasaded e rage sl wsuned foi i Prat.

The SO, used for steam explosion is 1.6 kg per 100 kg of dry wood, and the high-pressure steam use
is 0.85 kg per kg dry wood (Schwald et al. 1989). For wheat straw, the SO, use is the same, and the

Aigbprasure stear ase s calta'ats & e auprorimaly Q45 by par by o dly swaw: deciase o fower
! )

water content. The xylan conversion from a SO,-catalyzed steam explosion is 75% conversion to xylose,
15% conversian to furfural 5% anchanged and 5% degrlad &0 salid st Callmbass ds assamas!

unchanged. The SO, is converted as follows: 9.2% to sulfuric acid, 9.7% to lignin sulfonic acids, 74.2%

unconverted and available for recycle, and 6.5% retained with the lignin (Schwald et al. 1989). The
washing filter belt system is a five-stage washing operation, similar to a paper pulp stock washer, in which
99% of the solubles are recovered (Stone and Webster Engineering Corp. 1985).

Dilute Sulfuric Acid Pretreatment. The milling step requires 125 hp/ton/h (94 kW/ton) of electrical
power for wood and 12.5 hp/ton/h (6.4 kW/ton) for wheat straw (ABB Sprout-Bauer 1990). The
impregnator operates at 100°C with a 10-min residence time (Torget et al. 1988). The prehydrolysis
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Table A-1. Chemical Composition of Aspen Wood and Wheat Straw

Aspen Wood Wheat Straw
(Badger Engineers 1984) (Grohmann et al. 1986)
(%) (%)
Cellulose 46.2 40.8
Xylan 24.0 27.0
Lignin | 24.0 18.4
Ash 0.2 12

Other 5.6 2.6

reactor operates at 160°C for a 10-min residence time and with an acid concentration of 1 wt % after
steam and water addition (Torget et al. 1988). Xylan is assumed converted as follows: 80% to xylose,
13% to| furfural, and 7% unconverted (Grohmann et al. 1986). Also, during prehydrolysis, 4% of the
cellulo%‘e is converted to glucose (Seaman 1945); the rest is assumed unchanged.

Capital Cast Estimate and Economic Analysis

Heat and material balances were developed and used to specify equipment sizes. Purchased equipment
cost is estimated using information from COADE (1983), Icarus Corp. (1987), Guthrie (1974), Stone and
Webster Engineering Corp. (1985), and Badger Engineers, Inc. (1984). Total fixed investment is estimated
as 2.85 times the purchased equipment cost (Chem Systems, Inc. 1990) plus an additional 2.0% for
miscellaneous equipment. Working capital is 4.8% and startup cost is 5.0% of total fixed investment
(Chem Systems, Inc. 1990). The annual capital charge (depreciation, taxes, insurance, and rate of return)
i v ot Arvesiad! (Frad pliy warting plas slateyr Gosy dmer @ fead ahage e (FOR) of 1.20)
tynical lfar these fynes of nlants (Chewm Systems Ine 1990, Chem Systems. Inc. 1989). Chemical costs
“are' tAKen “trom e Tnenitcdi " fratkeimg Keporier {£990). TOiliy costs o1 process  wate , "Coointy wite,
and s/tgam are estimated from Peters and Timmerhaus (1980), and electricity is assumed to cost
SOMAWHh  Mangnower required is estimated from a nrevious study (Chem Systems. Inc. 1990) as
14 labdrers at $29,800/y and 3 foremen at $34,000/y. Maintenance is 3.0% of total capital invested, and
overhead is 65% of labor plus maintenance. Insurance and taxes are 1.5% of total fixed investment.
By-product credit is taken for lignin sent to the boiler and is estimated as the heating value of lignin
divided by the total heating value of the feedstock times the feedstock cost.

Results

An economic summary of acid-catalyzed steam explosion for both aspen wood and wheat straw is
given in Table A-2 for a feedstock cost of $42/dry ton (Wright et al. 1988) and a FCR of 0.2. The sugar
selling | price (glucose and xylose) as a function of feedstock cost is shown in Figure A-3 for both
feedstocks. It is somewhat cheaper to produce sugars from aspen wood for the same feedstock cost. This
is due to the greater amount of sugars contained in aspen wood (70% cellulose and xylans) when
compared to wheat straw (68% cellulose and xylans). Also, aspen wood has a larger by-product credit
because of its larger lignin content.
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An economic summary of dilute sulfuric acid pretreatment for both aspen wood and wheat straw is

given in Table A3 for a feedstock cost of $42/dry ton. The sugar selling price as a function of feedstock

cost is also shown in Figure A-3. In this case, aspen wood also results in a lower sugar selling price for
the same feedstock cost, except below $35/dry ton where the costs are approximately the same. In this
case, the advantages of the higher carhohydrate content of the aspen wood are offset by the greater

electrical cost required to mill the aspen.

Table A-2. Economy Summary of the Steam Explosion Process

Grassroots plant, first-quarter 1990 cost
Plant Capacity: 160,000 dry Ib/h
Total Capital Investment:
Aspen wood plant  $53.4 MM
Wheat straw plant $54.4 MM

Aspen Wheat Straw
¢/lb sugars

Raw Materials

Feed 3.28 3.44

SO, 0.07 0.08

Lime 0.01 0.01
Utilities

Process water 0.07 0.08

Cooling water 0.09 0.10

Steam-60 psig 0.28 - 0.26

Steam-600 psig 0.30 0.16

Electricity 0.03 0.05
Labor 0.06 0.06
Maintenance nig 0.19
Overhead 0.16 0.16
InRIrRRRR 2R Taves QR QN
By-product Credits

Lignin 1.06 0.96
Capital Charges 1.30 1.39

Totals 4.85 5.11

Feedstock Cost: $42/dry ton
FCR: 0.20
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Discussion

The choice of feedstocks for sugar production will probably be governed by plant location. Plants
situated in heavy fooq:l crop agricultural areas will probably use agricultural residues such as wheat straw.
In other areas, where ‘agricultural residues are not readily available, wood energy crops will probably be
used. There is not an overwhelming advantage to either feedstock, particularly for dilute sulfuric acid,
if they are obtained at the same price. However, feedstock cost does have a significant effect on the
selling price of sugaﬁ A decrease in feedstock cost from $60 to $20 per dry ton decreases the selling

price by apprommately 2.0 ¢/1b sugar, which is a 35% reduction for steam explosion and a 42% reduction
ton dite UG w 1‘

The data in TabFes A-2 and A-3 show that dilute sulfuric acid is approximately 20% cheaper than
steam explosion using the process configuration and yields assumed in this study. The higher cost for
steam explosion is prlmanly due to the higher capital cost associated with SO, recovery. These results
are based on our current understanding of each of these processes. Future improvements and chianges to
l‘r‘nf Prucesy Lmn‘i'gunmtm cumts' @t drests resuns,

Appendlx A-3—Sugar Separation

In this study, prehydrolyzed wood exits the prehydrolysis reactor with a high concentration of solids
(approximarely 247 suiiul widt 167 xyiose). At diese comalitony dieares iy Mo e wak; e al' dhe wat;
xylose, acid, and other soluble materials are absorbed into the particle. The solids concentration of a
completely saturated biomass particle is 18% to 20% (Schell 1990).
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Table A-3. Economy Summary of the Dilute Acid Process

Grassroots plant, first-quarter 1990 cost
Plant Capacity: 160,000 dry Ib/h
Total Capital Investment:
Aspen wood plant  $32.5 MM
Wheat straw plant  $34.3 MM

Aspen Wheat Straw

¢/Ib sugars

Raw Materials

Feed 3.09 3.21
Acid 0.07 0.08
Lime 0.05 0.06
Utilities
Process water 0.03, 0.04
Cooling water 0.02 0.02
Steam-60 psig 0.21 0.15
Steam-600 psig 0.0 0.0
Electricity 0.35 0.09
Labor 0.06 0.06
Maintenance 0.10 0.1
Overhead 0.10 0.11
Insurance and taxes 0.05 0.06

By-product credits

Lignin 1.00 0.90
Capital charges 0.75 0.82
Totals 3.88 ’ 3.91

Feedstock Cost:$42/dry ton
FCR: 0.20

One technique for removing xylose, acid, and other solubles from the particles is by repeated washing
with water, which allows the sugars to diffuse from the particles into the bulk solution. Further recovery
can then be achieved by squeezing the particles (e.g., by centrifugation), thus extracting more liquid-
containing sugars. The resulting liquid is then neutralized with lime, forming calcium sulfate (gypsum).
After removal of the gypsum, the stream is sent to a xylose fermentation unit for conversion of xylose to
ethanol. For this option, using two centrifuges in series with a counter current flow of wash water at an
assumed rate of 2.5 Ib wash water per pound of solids and dewatering to 35% solids, gave a 67% recovery
of xylose and diluted the xylose stream from 10.0% to 6.7%. Sugar recovery can be improved by using
more wash water, but the xylose is further diluted. In order to obtain a reasonable recovery of sugars
(90%), it is estimated that four or five stages of centrifugation will be required at the same wash water
fow raks.  OWing Saugger (19845 cost aara 1or centrifuges doing similar service, the estimated purchase
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price for five stages of centrifugation is $8.0 MM and total capital cost of $22.2 MM. This is roughly
16% of our estimated total capital cost of $141 MM. With this option, additional capital is also required
for gypsum separation equipment.

Because of the large capital expense associated with this option, it is preferable to neutralize the entire
stream out of prehydrolysis and send the stream to xylose fermentation. During the fermentation, xylose
will diffuse out of the particle into the surrounding liquid, where it will be converted into ethanol.
Because xylose is disappearing from the bulk solution (via conversion to ethanol), a concentration gradient
will exist that will continue to drive xylose from the particle into the surrounding liquid. The gypsum
produced by neutralization and lignin will be carried along through xylose fermentation. The advantages
of this option over the previous one are reduced cost (by elimination of centrifugation and gypsum
separation) and potentially higher ethanol concentration from xylose fermentation. Because of these
potential advantages, this option was used for this study. However, it is important to note that no actual
performance data exist for this option.

Appendix A-4—Cellulase Production

Over the years, cellulase productivity has been improved through the dcvelopment of new strains of
the cellulase-producing fungus Trichoderma reesei. Researchers at Rutgers University developed a
mutation of T. reesei, Rut C-30, which has significantly higher enzyme productivity than the previously
used strain QM 9414. More recently, Cetus Corporation (Emeryville, CA) developed a highly productive
mutation, L-27 (Shoemaker et al. 1981). In addition, experiments with various types of nutrient media
have enabled cheaper ingredients, such as corn steep liquor, to be substituted for more expensive
ingredients, ‘such as proteose peptone. :

Performance data for cellulase production using batch and fed-batch production techniques are
available and listed in Table A-4. Fundamental kinetic information for the production of cellulase was
not available. An analysis of the data shows that fed-batch production of cellulase has a higher
productivity and yield than batch production. However, a true fed-batch mode of operation is not possible
because the feed is wet. Fed-batch requires that essentially dry feed be added to the fermenter or that a
portion of the fermenter contents be removed and slurried with the incoming feed. Because a fed-batch
situation could not be envisioned, the process was designed for batch operation. Furthermore, the data
are not of sufficient quality or quantity to allow any correlations to be developed. The values used for
yield, substrate concentration, residence time, and specific activity are average values determined from the
data for batch operation.

Appendix A-5—Xylose Fermentation

A prefiminry amaysis was performed’ @ abeenmine i ratnive meamis” of simalanaoes’ Qrimanasios
and isomerization of xylose (SFIX) versus E. coli for the fermentation of xylose to ethanol. The
geneticatly engineered E. cofi supplied by L. Ingran has been shown to- produce high: cthanel yields of
88%-95% (Spindler 1989) but requires large amounts of basc to neutralize fermentation acids. SFIX does
not require large amounts of base but has lower yields and requircs xylose isomerase production and
immobilization. Both fermentations require 2 days to achieve adequatc yiclds.

The purpose of this analysis is to determine the best option for xylose fermentation, SFIX or E. coli.
Initially, we will assume that xylose isomerase is infinitely stable and 100% recoverable without cost; thus,
there are no capital or operating expenses associated with isomerase use. Operating and capital costs,

EXCEPT 10T st AUtONT, AT ST o7 J& cyiar riT oot sTSIENs; sttt Juul {Ermramauibns ™ oo
2 days. Thus, under these conditions, if the extra revenues received for the increased ethanol production
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from the E. coli fermentation offset the base cost, this will be a more viable method for xylose
fermentation. :

D. Spindler’s (1989) data for ethanol concentration (g/L) and NaOH usage (mL) as a function of
fermentation pH are shown in Table A-5. Ethanol production from xylose fermentation (in gal) is
calculated from the ethanol concentration and fermenter working volume of 2.0 L used in these
fermentations. NaOH usage is calculated from the base molarity and amount used in milliliters. Because
NH,4OH is a cheaper base and provides some nutritional requirements, the equivalent amount of NH,OH
that would be required is calculated from the ratio of molecular weights. The amount of NH,OH required
per gal of ethanol produced is the ratio of NH,OH usage (in Ib) to ethanol produced (gal). The base cost
($/gal ethanol produced from xylose fermentation) is NH,OH required (Ib/gal ethanol) multiplied by
NH4OH cost developed below.

The cost of anhydrous ammonia is $90/ton (Chemical Marketing Reporter 1989) ($.045/1b). Ammonia
dissociates into ammonium ions according to the following reaction:

NH, + H,O - NH; + OH".

Qe B of ammanie prostves 2.06 5 o ammanie Syl The gosé of ammantam dyclonisl ds dhan

: $0.045( 1O NH, )\ _ $0.0218
Ib NH,| 2.06 Ib NH,OH Ib NHOH

Table A-5. E. coli Fermentation Data and Base Usage and Cost

Ethanol NaOH Usage® NH,OH
- : NH,OH
ph Conc.  Prod.? Usage Req/. Cost
(g/L) (gal) (mL) (9) (9 (Ib/gal) ($/gal)
7.0 366  .0248 250 50 43.7 3.89 0.84
6.5 393  .0266 240 48 42.0 3.48 076
6.0 36.3 0246 100 20 17.5 157 034
5.5 226 0153 380 76 66.5 9.57 209

8 2.0 L working volume
b 5.0 M NaOH

The analysis continues by taking the ethanol yield for SFIX as 70% and the yield from the E. coli
fermentation as 90%. (D. Spindler’s yields for the E. coli fermentation were 90%, 96%, 89%, and 55%
for pH controlled at 7.0, 6.5, 6.0, and 5.5, respectively.) Then, for 1 gal of ethanol produced by SFIX,
1.29 gal will be produced by the E. coli fermentation, and, with ethanol priced at $0.60 per gal (the cost
gaal of the SERI/DOE alcohal fuels program). this gives extra revenne of $0.17 far the E cali
fermentation. The additional cost to attain the extra revenue (at pH 7.0) is $0.11 ($0.084/gal x 1.29 gal).
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Thus, the extra revenue exceeds the extra cost, and, even in light of the optimistic assumption regarding
isomerase cost for the SFIX process, the E. coli fermentation appears to be the more economical process.

1T iy, Xy1ost ISUIICTHSE 18 IUC very sttt & alie pray used’ (00 xylose @rimenmaiun, s siowir &y
Figures A-4 and A-5. These data are for the immobilization of E. coli xylose isomerase as reported by
G. Means (1989) and coworkers at Ohio State University. The exception is the immobilization of enzyme
on polyetnyienimine-giutardidényde-siica ‘oeals (PUS), whidn snowed no degralrition wier 2 duys.
However, even with infinite enzyme life, recovery of the immobilized enzyme from the fermentation broth
in the presence of lignocellulosic particles may be difficult.

Several other problems will increase the complexity of the SFIX process. S. pombe (the yeast used
in SFIX) requires glucose for growth, which can either be bought or obtained from hydrolysis of cellulose.
The cost of glucose (cost from Chemical Marketing Reporter Nov. 27, 1989) per gal of ethanol is shown
in Figure A-6 as a function of time to discharge of the entire fermenter contents and the cell replacement
rate per fermentation (assuming cell recycle). The fermenter must be periodically dumped as the level
o oyt cels daria o TIRY duitity ay @ domasia rfeall rgmlacaman’ ks per EITmanaiion 1§ siowir
in Figure A-7. Thus, low cell replacement rates and long times between fermenter dumps would be
nReRstaRY 1o achisve rrasonabla gdnrase st and. lnwar anzyme repacement. wales,. Howeavar, this, wodd,
lead to problems with buildup of lignin and unconverted cellulose in the fermenter.

Another option is xylose-fermenting yeast, but these fermentations suffer from low yields (50%-70%)
and typically have longer fermentation times (2-5 days) (Skoog and Hahn-Hagerdal 1988). Another option
is t0o buy Novo Sweetzyme Q (cost from Don Krull 1989) instead of producing xylose isomerase.
Figure A-8 shows the cost of enzyme/gal ethanol out of the plant as a function of time until the fermenter
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Figure A-4. Xylose isomerase stability at pH 5.75 for different immobilization methods
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Figure A-6. Glucose cost as a function of discharge time and cell replacement rate
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is dumped; It is assumed that enzyme is added to maintain a constant enzyme loading and that the half-
life of the enzyme is 220 days, which is estimated from Nove data. In fact, this half-life is probably much
greater than the half-life that could be obtained at a pH of 5.75, which will make the true cost even higher.
Even then, the minimum cost of the enzyme is approximatcly $0.10/gal ethanol.

For reference, SFIX performance data have been compiled in Table A-6 and xylose isomerase
production data are shown in Table A-7.

Appendix A-6—Nutrient Cost for Xylose Fermentation and SSF

Altthgh this study assumed that all nutrient requirements are met by the recycle stream, a source of
supplememtal nutrients may be required. The cost for nutrients is calculated for the worst-case scenario,
assuming that the recycled water does not contribute any nutrients. The nutrient requirements for both
xylose fer{nentanon and SSF are given in Table A-8. The media for xylose fermentation is an M9
minimal niedxa with the following changes: Na,HPO, is eliminated because buffering is not required;
the concentration of KH,PO, is doubled to supply additional phosphate; and it is assumed that only one
amino acid is required at a concentration of 0.075 g/L.

The cost for nutrients is shown in Table A-9 for both xylose fermentation and SSF. The second
column is the average cost for all nutrients and is determined by weighing the individual nutrient cost with
the required concentration. If nutrients are required at the concentrations assumed in Table A-8, then the
cost of nufrients for xylose fermentation and SSF is 21¢/gal and 14¢/gal of denatured fuel, respectively,
for a total cost of 35¢/gal of denatured fuel. This is not an insignificant cost, thus, the nutrient
requirements for the process are extremely important.
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Table A-8. Concentration and Cost for Xylose Fermentation and SSF Nutrients

Nutrient

Concentration Cost
(g/L) (¢/Ib)
Xylose Fermentation
CaCl, 0.01 7.65
MgSO, 0.12 14.00
KH,PO, / 7.00 6.60
Naél 3.50 1.00
NH,CI 1.00 18.00
Amino acid 0.075 1000.00
SSF
(NH),SO, 1.50 4.25
MgSO, 0.10 14.00
CaCl, 0.06 7.65
Corn steep liquor 7.50 11.00
Source for SSF nutrients: University of Arkansas
- Table A-8. Nutrient Cost
Average Nutrient Cost Annual Cost Cost
(¢/1b) ($MM) (¢/gal fuel)
Xylose Fermentation 12.35 12.24 211
SSF
Nutrients 3.96 0.61 1.1
Corn steep liquor 11.00 7.60 13.1
Total SSF Cost 14.96 8.21 142
Total Cost 20.45 35.2
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Appendix B

Process Technical Data and Assumptions

General Spbcifiﬁcaiions

T
Mixing motors
Tank capacity

1.0 hp/1,000 gal except as noted
| §0% full except as noted

Chilled water temperature 10°C

Steam levels |

50 psig, 150 psig

Feedstock Cémposition (dry):

Cellulose
Xylan
Lignin
Ash !
Others (saluble)

The wood is deliv

Feed Handling
|

Wood Chip File:

46.2%
24.0%
24.0%
0.2%
5.6%

ered to the plant at 50% moisture.

Storage | 4 days

Losses none (assumption)
Mill: ‘

Particle size ! 2.0-3.0 mm

Power rcq‘uiremcnjt 128 hp-h/dry ton (vendor number)
Pretreatment

\ 1
Pretreatment is a two-step process. Acid impregnation is followed by prehydrolysis at a higher

temperature.

Impregnation:
Reactor continuous digester (Carpenter 20 alloy)
Temperature | 100°C
Pressure || atmospheric
Exit solids concentration 35 wt % (design assumption)
Rasidraca me, 10, min, (assimntinn),
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Prehydrolysis:
Reactor
Temperature
Pressure
Acid concentration
Residence time

Conversions;
Cellulose to glucose
Cellulose to HMF
Unconverted cellulose
Xylan to xylose
Xylan to furfural
Unconverted xylan

Flash Tank:
Solids concentration
Residence time
Pressure
Mz powa
All furfural to overbeads

Neutralization

Neutralizing agent
Residence time
Mixing power

Cellulase Production

Fermenters:
Type
Temperature
Pressure
pH
Neutralizing agent
Ammonia usage
Ammonia tank size
Subsrate
Substrate concentration
Fermentation time
Cvcle time
Cellulase yield
Enzyme activity
Final cell density
SPRUTR gruwln Tde
O, uptake Rate
Dissalred O
Antifoam use

SERI Proprietary Information
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continuous digester (Carpenter 20 alloy)

160°C

105 psig

0.85 wt % after steam addition in the prehydrolysis reactor
10 min

3.0% (kinetic data)

0.1%

9%.9% "

80.0% (experimental data)
13.0% "

7.0% "

12.0 wt % (Assumed to be a pumpable slurry)
5 min (design assumption)

atmospheric

28 p'T,000 ga' Gssmrpainr

{assumntion)

lime
10 min (assumption)
2.0 hp/1,000 gal (assumption)

batch

28°C

10.0 psig (design assumption) -

4.8

NH,

0.045 1b/1b cellulose and xylose (experimental data)
1% of fermentation capacity (assumption)
Calalese and' ryilose

5.0% (conforms to most experimental data)

5.5 days (experimental data)

6.0 davs. "

202 TU/g cellulose and xylosc (experimental data)
732 1U/g enzyme (experimental data)

20 g/l (experimental data)

VAV w7t "

42 mM O,/L-h "

2% of air sapvatiar Glesiar assampiiags

1.0 ml/L of fermenter volume (assumption)
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Nutrients: (from literature reference)

Ammonium sulfate 1.4 g/l
Potassium phosphate 2.0 g/L

- Magnesium sulfate*7H,0 0.3 g/L
Calcium chloride*2H,0 0.4 g/L
Tween 80 0.2 g/L
Corn steep liquor 15.0 g/

Seed Fermenters (same as above except):
Fermentation time 3.5 days (from literature reference)

Cycle time 4.0 days "

Pressure atmospheric

Substrate concentration 1.0% cellulose and xylose

Cell yield 0.5 g cells/g substrate (assumption)
Final seed volume 5.0% of fermenter volume (assumption)
Airflow 0.2 vvm (assumption)

Mixing power
- First seed vessel
Other seed vessels

0.5 hp/1,000 gal (assumption)
1.0 hp/1,000 gal "

Sterile Feed Tank:
Mixing power maximum - 2.0 hp/1,000 gal (assumption)
‘ o average - ong-half maximum

()qllulasé Hold Tank:
Mixing power ' maximum - same as cellulase fermenters
‘ average - one-half maximum
Xylose %Fermentation

Fermenters:

%Type 1 continuous stirred tanks in series

lTemp1 rature 37°C

Pressure atmospheric

pH 7.0

Neutralizing agent NH,4 |
AmmE]nia use 0.2878 1b/1b ethanol produced (experimental data)
1Ethan‘ 1 yield 85.5% (experimental data and assumption of 90%

1Miximig power

recovery of xylose from the particles)

0.1 hp/1,000 gal (assumption) >

‘Tank fill 95%
Fermentation time 2 days (experimental data)
Nutrients none required (assumed contained in recycle water)

Ethanol to vent Aspen simulation (82% recovery)

SERI Proprietary Information
Do Not Copy

103



Type

Fermentation time
Cycle time

Substrate

Substrate concentration
Cell yield

Final seed volume
Airflow

Seed Hold Tank:

Mixing power

Cellulose Fermentation

Fermenters:

Type
Temperature
Pressure
Fermentation time
Tank fill -

pH

Cell yield

Mixing power

Conversions:
Cellulose to ethanol
Cellulose to fusel oils
Cellulose to glycerol/
acetaldehyde
Cellulose to cells
Xylan to xylose
Nutricnts
Enzyme loading
Ethanol tolerance
Ethanol to vent

Seed Fermenters:

Same as above except
Type
Fermentation time

S. cerevisiae

B. clausenii
Cycle time

S. cerevisiae

B. clausenii

Seed Fermenters (same as above except):

batch

12h

1 day

xylose and glucose

2.0%

0.5 g cells/g xylose (assumption)

10.0% of fermenter volume (design assumption)
0.2 vvm (assumption)

maximum - 0.1 hp/1,000 gal (assumption)
average - one-half maximum

continuous stirred tanks in series , »"
37°C '
atmospheric

7 days (experimental data)

95%

Uncontrolled

0.5 g cells/g cellulose (assumption)
0.1 hp/1,000 gal (assumption)

72.0% (experimental data)
0.1% (assumption)

4.9% (assumption)

10.0% "

80.0% "

none required (assumed contained in recycle water)
7 1U/g cellulose

4.5%

Aspen simulation (82% recovery)

batch

1 day
2 day

1.5 days
2.5 days
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Substrate - Initial

- Final seed vessel

Substrate concentration
Final seed volume

Airflow

Mixing power
First seed vessel
Other seed vessels

Seed Hold Tanks:
Mixing power

Ethanol Purification

Distillation:
Ethanol concentration
(Rectification column)
Water to fusel oils
Ethanol concentration
(Beer column)
Reflux ratio (beer)
Reflux ratio (rectification)

Lignin Separation:

Solids recovery (centrifugation)
Solid concentration (centrifugation)

Wastewater Treatment

Anaerobic Digestion:
Organics converted

Biogas production

Aerobic Digestion:

glucose

cellulose/cellulase

1.0%

10% of fermenter volume for cach culture
(design assumption)

0.2 vvm (assumption)

0.5 hp/1,000 gal (assumption)
1.0 hp/1,000 gal (assumption)

maximum -0.1 hp/1,000 gal (assumption)
average - one-half maximum

95.0 wt %

5.0 Ib/1b fusel oils (Badger data)
40.0 wt % (Badger data)

0.4 (Badger data)
1.6 (Badger data)

95% (assumption)
50% "

90% (lignin unconverted) (expenmental data,

Rivard 1990) ‘
0.8 1b gas/lb organics converted, balanae to Lell mass
(experimental data, Rivard 1990)

All remaining organics degraded except lignin

Solids recovery (centrifugation)

100% (assumption)

Solid concentration (centrifugation) 50% "
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Utilities

Boiler includes Flakt drying system:

Design pressure 1100 psig, 300°F superheat
Efficiency 83.5%
Turbogenerator:

Rasbizas 1LY pie steam o 150 peis and' SO gt £r prscess ek, ary’ ramaining siear & aardangad
Efficiency 78.5%

Boiler Feed Water System:
Water rate to boiler 3.0% of steam usage plus direct injection (assumption)

Cooling Water System:

Water losses 1.3% of flow for evaporation (from literature)
0.3% of flow for windage "

2.7% of flow for blowdown

t

Sterile Air System:
Air temperature 28°C
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Appendix C

Process Data

Appendix C-1—Heat Capacities

Wood

Sulfuric acid
Ethanol vapor
Lime (solid)
Gypsum

Air

Corn steep Tiquor
Ethanol
Carbon dioxide
Corn oil

Water vapor

Water

Appendix C-2—Densities

All process streams were estimated

as water

Ethanol

Sulfuric acid

Lime

Corn oil

0.32 Btw/1b-°F (Wenzel 1970)

0.37 Bw/1b-°F (Himmelblau 1962)

0.40 Btu/Ib-°F (Yaws 1977)

0.29 Btw/1b-°F (Himmelbeau 1974)

0.26 Btu/Ib-°F (Touloukian and Buyco 1970)
0,23 BuwB-F ((WcCade ana’ Stmat 19767
10 BwZio-"T (assumed)

0.35 Btw/1b-°F (Touloukian and Buyco 1970)
0.21 Btw/Ib-°F (McCabe and Smith 1976)
0.51 Btw/1b-°F (Perry and Chilton 1973)
0.45 Btu/1b-°F (Touloukian and Buyco 1970)

1.00 Btu/Ib-°F

62.4 1b/f3

48.7 Ib/ft> (Weast 1972)
114.2 Ib/ft3 (Weast 1972)
139.8 Ib/ft> (Weast 1972)

57.4 Ib/ft> (Weast 1972)
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Appendix C-3—Higher Heating Values

* Lignin
Cellulose
Methane
Ethanol
Xylose
Xylan
Soluble solids
Cellulase
Glycerol
Acetaldehyde

Methane

Appendix C-4—Latent Heat
Steam (50 psig)
Steam (150 psig)
Ethanol (12°C)

Ethanol (100°C)

11478 Btu/lb (Shafizadeh 1984)

7464 Btu/lb (Shafizadeh 1984)

23984 Btu/lb (Himmelblau 1974)

12836 Btw/Ib (Weast 1972)

6747 Btw/lb (Weast 1972)

7464 Btu/lb (assumed the same as cellulose)
5000 Btw/Ib (assumed)

5000 Btw/b (assumed)

7774 B/lb (Weast 1972)

12835 Btw/Ib (Himmelblau 1974)

23984 Btu/Ib (Himmelblau 1974)

912 Btuw/1b (Steam tables)
857 Btu/lb (Steam tables)
423 Btw/lb (Touloukian and Buyco 1970)

324 Btw/lb (Touloukian and Buyco 1970)

Appendix C-5—Heat Transfer Coefficients (Tubular Exchangers)

Condensing steam-liquid
Liquid-liquid

Condensing vapor-gas
Condensing vapor-liquid
Coils (coils in agitated tank)

Gas-liquid
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700 Btw°F ft2-h (Perry and Chilton 1973)
225 Btw°F ft>-h (Perry and Chilton 1973)
100 Btw/°F ft%-h (Perry and Chilton 1973)
400 Btw/°F ft>-h (assumed)

100 Btw/°F ft>-h (Perry and Chilton 1973)

60 Btu/°F ft>-h (Perry and Chilton 1973)
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Appendix C-6—Solubilities

Gypsum 0.222 g/100 cc (100°C) (Weast 1972)
0.241 g/100 cc (20°C) (Weast 1972)

SERI Proprietary Information
Do Not Copy

109



Appendix D
Spreadsheet Model

A spreadsheet model of the biomass-to-ethanol process was developed the help perform sensitivity
analyses on the conceptual process design. The model includes a complete material and energy balance,
capital and operating cost estimates, and economic evaluation.

The material and energy balance includes 80 streams with up to 27 components, 6 utility summaries,
and 14 chemical requirement summaries. There are approximately 100 process variables that may be
manipulated in the material balance in order to carry out sensitivity analyses. The variables are listed in
Table D-1.

The utility summaries generated by the material and energy balance include the following:

Electricity
Low-pressure steam
High-pressure steam
Cooling water
Chilled water
Fermentation air

Feedstock, 6ata'lysts, and chemicals summaries generated include the following:

Biomass

H,S0,

Lime

NH,

Corn steep liquor
Nutrients
Antifoam
Glucose
Gasoline

Diesel

Makeup water
Solids disposal
BFW chemicals
Cooling water chemicals

The capital cost estimate is gencrated using capacity exponents and a base case design for which a
detailed cost estimate was originally made. The plant is broken down into 17 process areas and 9 utility
areas as follows:
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Wood Handling

Prehydrolysis

Xylose Fermentation

Seed fed

menters

Main fermenters

- Remaini
Cellulase Pro
~ Seed fer
Main fe
‘ Remaini
Simultaneous
Seed fer
Seed fer
Main fe
Remaini
Ethanol Reco
. Rectific
Remaini
Off-site Tank

ng cquipment
duction

menters

rmenters ‘

ng equipment
Saccharification and Fermentation
menters, culture 1
menters, culture 2
rmenters

ng equipment
very

ation column

ng equipment
age

Environmental Systems
~ Wastewater treatment
Vent system
ties {
BFW, steam, and condensate
Boiler |
Process 'water
Turbogénerator
Cooling water
Chilled water
Fennenj‘ation air
Auxilli | y utilities
Economic analyses are done on a total-plant basis and a process-unit allocated-cost basis. The cost
of }ethanol production is determined on both a per-year and per-gallon basis. There are approximately
25}variables in the economic analysis section of the model. These variables include:
\ |
bapita] Costi
| Exponents for cost of scaled equipment, by area
Installation factors, by area
Working capital
Operating Costs
Onstream factor
Unit costs for all feedstocks, chemicals and utilitics
Labor costs

Utili
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Table D-1. Variables in the Spreadsheet Model of the Biomass-to-Ethanol Process

Wood Handling
Biomass feed rate, Ib/h (wet basis)
Biomass composition, wt %, (wet basis)
Feed temperature, °F

. Prehydrolysis
H,SO, feed rate, Ib/h
H,SO, temperature, °F
Water temperature, °F
Low-pressure steam latent heat, Btwib
High-pressure steam latent heat, Btu/lb
Prehydrolysis reactor conversions
Xylan to xylose, %
Xylan to furfural, %
Xylan unconverted, %
Cellulose to glucose, %
Cellulose to hydroxymethyifurfural, %
Cellulose unconverted, %
Latent heat of stream from blowdown, Btw/Ib
Dilution water rate to blowdown tank, Ib/h

Cellulase Production
Fraction of hydrolyzate to cellulase production
Fraction to seed fermenters
Dilution water rate to seed fermenters, Ib/h
Dilution water rate to main fermenters, Ib/h
Cell mass production ratio in seed fermenters, Ib/lb cellulose + xylose
Nutrient feed rate, g/L
Corn steep liquor rate, g/l
Base feed rate, b NH3/Ib cellulose + xylose
Antifoam feed rate, mL/L
Enzyme yield, 1U/g cellulose + xylose
Enzyme specific activity, 1U/g enzyme
Cell mass production ratio in main fermenters, Ib/lb cellulose + xylose
Fermentation time, days
Fermentation air rate, vwvm
Number of seed trains operating
Time between seed batches, h
Seed fermentation air rate, vvm
Agitator power for main fermenters, hp/1,000 gal
Agitator power for seed fermenters, hp/1,000 gal
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Table D-1. Variables in the Spreadsheet Model of the Biomass-to-Ethanol Process (Continued)

Xylose Fermentation

‘ Fraction of remaining hydrolyzate to seed fermenters
Dilution water rate to seed fermenters, lb/h
Cell mass production ratio in seed fermenters, Ib/lb glucose + xylose
Base feed rate, Ib NH,/Ib ethanol produced
Fermentation time, days
Fraction of xylose available for conversion
Fraction of available xylose converted to ethanol
Fraction of glucose converted to ethanol
Water in fermentation off gas
Ethanol in fermentation off gas
Number of seed trains operating
Time between seed batches, h
Seed fermentation air rate, vvm
Agitator power for main fermenters, hp/1,000 gal
Agitator power for seed fermenters, hp/1,000 gal

Simultaneous Saccharification and Fermentation (SSF)
Fraction to seed fermenters
Percent cellulose converted in seed fermenters
Percent glucose converted in seed fermenters
Cell.mass production ratio in seed fermenters, Ib/lb glucose
Dilution| water rate to SSF, Ib/h
- SSF fermenter conversions
‘Cellulose to ethanol + CO,, %
Cellulose to acetaldehyde + glycerol + CO,, %
‘Cellulose to yeast + CO,, %
Cellulose to fusel oils, %
i Glucose conversion to products above, %
' Xylan to xylose, %
Fermentation time, days
Water in fermentation off gas
Ethanol in fermentation off gas
Fraction of total water condensed from off gas
Fraction of total ethanol condensed from off gas
Number of seed trains operating
Split between two seed trains if two organisms used
Time between seed batches, h
Seed fermentation air rate, vwm
Agitator power for main fermenters, hp/1,000 gal
Agitator power for seed fermenters, hp/1,000 gal

SERI Proprietary Information
Do Not Copy

113



Table D-1. Variables in the Spreadsheet Model of the Biomass-to-Ethanol Process (Concluded)

Ethanol Recovery
Percent of ethanol recovered
Percent of acetaldehyde vented
Percent of fusel oil recovered
Weight percent fusel oil in fusel oil product (balance assumed to be water)
Water to fusel oil decanter, number times fusel oil rate
Weight percent ethanol in product from ethanol distillation
Gasoline addition rate, Ib gasoline/lb ethanol
Fraction solids recovered in lignin centrifugation
Weight percent solids in underflow from lignin centrifuge
recyuitd’ provess warer racy, ibyfy

Environmental systems
Wastewater from CIP/CS, Ib/h
Fraction of organics converted in anaerobic digestion
Organics to biogas production ratio, Ib/lb

Utilities
Boiler efficiency, %
Turbogenerator efficiency, %
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Appendix E

Process Flow Diagrams

This section contains the process flow diagrams with material balances for the currently designed
biomass-to-ethanol plant. Also included is a plot plan for the entire plant and a more detailed plot plan
for the fermentation area.
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Appendix F

Equipment List

This section contains the equipment list for all equipment shown on the process flow diagrams. The
list gives the equipment number, equipment name, specifications, cost, and source of the cost information.
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Simultaneous Saccharification & Fermentation
Project No. DOE/AFP/BESSF/@2

A/
PP-912R~F/5
PP-9134/5
Pp-953

PUMP

NAME LB/HR
Fluse Pump 1002020
Sulfuric Acid Pusn 2878
Hydrolyzate Pump 942785
Neutralized Hydrolyzate — 344833
eed Pusp 28125
Fersenter Recycle Pump
Prep Tank Transfer Puap 5%
Celiulase Feed Pump 29438
Beer Transfer Pusp 957399
Ethanol Vent Pump 5259
Beer Colwm Bottows Puso 916633
Beer Colusn Reflux Pump 141629
Hash Return Pump
Fusel 0il Pump 115

Rectification Column Btms 60615
Rectification Colusn Rfix 118814
Retycled Water Pump gee129
Sump Pump

Ethanol Export Puwn

Sulfuric Acid Transfer

Fire Nater Pump

M3 Transier Pumo

fmtifoam Transfer Pusp

Diesel Fuel Pump

Basoline Blending Pumo

Corn Steen Liquor Transfr

Reactor Feed Pump

Reactor Recycie Pump

Sludge Pump

final Effluent Pumo

Turbire Condensate Pumo

Process Water Transfer

Process Water Circuiating
Baciwash Feed Pusmp

Backwash Transfer Pusp

Blowdown Pump

Hydrazine Transfer Pump

Boiler Feed Water Pump

Dearator Feed Pump

Condensate Pumo

Cooling Water Pumps

Well Water Bumps

Sterile Water Puwp

PP-9604/5 Supnly Pump
PP-963A/B/C/S CIP/CS Sump Pump

62.4
124
62.4
6.4
62.4

62,4
62.4
62.4

43
62. 4
82.4

LB/CUFT &M

1998.8
3.2
1833.5
1887.8
4.2

1.2
38.8
1912.9
13.4
1831.5
281.8

8.2
1al.1

1682.7

CAPICITY

5PM

HYDRAUL. PUMP
DELTA P HP EFFIC,
psi

S S.83 [ ]
32 8.87 8.4
20 3.3 8.75
98 58.34 875
20 .13 8.7
59 2188 e.7
23 8.26 8.4
58 1,99 9,43
5.8 8.75
1] 0.53 9.4
68  7B.01 .75
68 18,50 8.55
68 . 88 8.4
48 8.81 8.2
40 3.03 8.43
68 11.20 9.63
k! I ) 75
20 1.47 8.45
3 9.19 8.7
49 2.33 8.43
1e¢ 3.1 8.7
49 4,67 8.6
49 8.23 8.4
S8 8.73 0.4
] 8.13 2.4
&8 219 8,43
S8 32.89 8.73
5 3.0 8.7
29 3.09 8.65
8 2.2 8.75
49 4,67 3.6
30 46,38 .73
88 77 .75
28 7801 8.8
4] 9.58 0.4
25 8.73 8.4
28 0.06 8.35
{250 8ez.22 8.75
20 12.84 .73
38 19.23 8.75
68 315,85 8.8

3B 2638 8.
k] 8. 8.4
B 8.8 8.4
32 2.3 %4

BRAKE
Hp

EQUIPMENT LIST

PUMPS
MOTOR
HB/UNIT HATIL TYPE o9 #
10 Cast Steel Centrifugal BESSF~118
8 Reciprocating BESSF-219
SB 85 Pos. Diso. BESSF-218
108 o} Pos. Disa. BESSF-219
13 s Pos. Disp. BEGSF-+18
48 cs Centrifugal BEGSF-418
i €s Centrifugal BESSF-413
1.5 s Centrifugal BESSF-410
68 s Centrifugal BESSr-S'%
2 s Centrifugal BESSF-3i0
125 cs Centrifugal BESSF-618
20 cs Centrifugal BESEF-518
3 s Centrifugal BESSF-628
1 cs Centrifugal BEGSF-528
13 €S Centrifugal BESSF-620
2 £5 Benmfugil BESSF-~528
£ £s Centrifugal BESSF-638
] s Centrifugal BESSF-638
28 cs Centrifugal BESSF-718
1.5 ] Reciprocating  BESSF-710
2] %] Centrifugal BESSF~718
12 s Centrifugal BEGSF-718
1 cs Centrifugal BESSF-710
3 cs Centrifugal BESSF-718
1 Cs Centrifugal BESSF-712
1.5 85 Lentrifugal BESSF-710
& s Centrifugal BESSF-810
50 s Centrifugal BESSF-818
7.3 cS Pos. stmacnnt BESSF-823
40 [ne] Centrifugal BESSF-828
19 8 Centrifugal BESSF-240
75 s Centrifugal BESSF-320
138 €S Centrifugal BEGSF-320
125 £s Centrifugal BESSF-328
2 [:] Centrifugal BESSF-920
3 €8 Centrifugal BEGSF-333
i SS Centrifugal BEGSF-933
1200 ] Cntrfgl,staged BESSF-338
25 cs Centrifugal BESSF-938
48 cs Centrifugal BEGSF-344
Ses cs Centrifugal BEGSF-348
58 o] Centrifugal BES5F-320
1 cs Centrifugal BESSF-352
2 o] Centrifunal BESSF-368
2 g5 Centrifugal BESSF-S62

PUMPS
Total Cost:
Total HP Req'd:

§1,005, .00
519

TOTAL

NO. PURCHRSED PURCHASED

RE@'D COST/LMIT  COST SOURCE
1 84,300 $4,388  Icarus 1985
2 43,200 $6,488  Icarus 1987
2 $67,000 134,200  lcarus 1985
2 $63,200  $125,200  lcarus 1985
2 813, 525, i leares 1985
2 46,000 $13,208  Icarus 1985
2 $2,100 $4,200  Icarus (983
2 43,30 $6,608  Icarus 1985
2 87,500 615,200  Icarus 1985
2 42,608 45,208  Icarus 1383
2 5,70 $19,400  lcarus 1985
2 45,00 $10,280  Icarus 1983
2 43,080 $6,000  Icarus 1985
2 %,le $4,200  Icarus 1985
2 s4,300 600 Icarus 1983
2 45,600 411,200 Icarus 1983
2 $7,208 $14,080  Icarus 1985
2 43,38 46,608  Icarus 1983
3 45,000 $15, leares 1985
2 $17,708 $35,40 Chem:os‘
2 $7,500 $15,008 . Icarus .9
2 $4,3 $6,600  Iearus $983
2 %210 $4,208  Icarus {985
2 42,908 $5,399  Icarus (983
2 8l $4,228  learus (985
2 $3,508 47,3 Irarus 1983
2 $7,500 $15,008  Icarus 1985
1 $7,500 47,528 lcarus 1985
2 49,200 $18,400  Icarus 1985
2 $6,509 $13,000  Icarus 1983
2 $4,200 $8,622  Icarus (985
2 48,208 $16,0080  Icarus 1383
2 $1¢,208 $28,00  Icarus 1983
2 $9,700 $19,408 - Icarus 1983
2 . 680 45,208  Icarus 1985
2 $2,%00 45,800  Icarus 1985
1 82,208 $2,200  Icarus i385
2 435,008 198,200  Icarus I985
2 $5,608 $11,208  learus (983
2 %6,500 $13,208  Icarus 1983
7 $15,680  $189,28  Icarus {985
2 4908 $14,000  Icarus 1985
1 82,108 $2, [0 Icarus 1983
2 43,000 $6,008  Icarus 1283
4 $3,008 $12,08  Icarus 1985
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EQUIBMENT LIST
SOLIDS HANDLING

EQUIPMENT : Hp/

1TEX & NRHE TYPE DUTY/DESCRIPTION UNIT

B5-103 Magretic Chip Cleaner remove down to .3° nuts 7
EM-181A/B/S  Fromt End Loaders Diesel

65-181 Radial Stacking Conveyer Paddle 1580 t/h wet wght, 128ft x 30in 15

85-102 Belt Conveyer Belt
Milled Chip Belt Conveyor Belt

248ft x B.Sft wide, 200 t/h 10
65-104 3
6Y-1818/B/C/D Wood Chip Unloader with Scale 23-ton/}oad

S8ft X 6.5Ft wice, 208 t/h

: 18 vans/hr/loader 33
66~101R/B/C/D Disk Refiner 2500
65-282 Screw Feeder Auger 13508 cft/h 108
65-223 Lime Unloading Conveyer Bucket 120 ft high, 108t/h 9
§5-225 Lime Solids Feeder Rotary Viv 1.5°t/h 1
MB-~220 Lime Storage Bin 3509 cft
¥F-224 Lime Unlcaging Pit 685 cft, 28ft X 50ft X 3ft
65-611A/B Sludge Screws Scren, 18in Seft long 18
£5-881 Sludge Screws Screw, 3in 160ft long 1.5

)

=2
-

2BBBBBEGBE 6

H
8
Ly

88

w

DRW &
BESSF-118
BEBSF-118
BESSF-118
BESSF-110
BESSF-119
BESSF-i10
BESSF-118
BEBSF-2!9
BEEEF-228
BESSF-220
BEGSF-220
BESSF-220
BESSF-638
BESSF-820

TOTAL
NO.  PURCHRSED PURCHASED
RED'D COST/UNIT cosT SOURCE
$18, 300 $19, 308 Icarus 1987
$156,2080  $468,000 Irarus 1987
$124, 700 $125,900 Morbark 1983
$131,700  $191,700 Ulrich 1984
N $40, 08 Ulrich 1984
$39, 408 Marbari 1983

. $157, 630
$379,008 81,515, 8 Sprout-Bauer Quote, 1990

$289,280  3560,080 Blacx Clawson Guote (930
Slg,g% $18,200 Peters et al.89, Ulricn 84
55, 200
ST, 200 $17,008 Icarus 1985
45, 208 $5, 209 ¥eans {387
$20, 508 $41,000 Ulrich 1984

0 el i i e i s e e Gl e

8,000 8,009

SOLIDS HANDLING EQUIPMENT
Total Cost: $3, 162,500
Total HP Reg'e: 10449,5

Uiricn 1984
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EQUIPNENT
NAME

Feed Cooler

Exhaust Congenser

Water Cooler

Fermenter Exnaust Cndnsr
Exhaust Condenser
Degasser Drum Condenser
Beer Column Reboiler
Beer Colum Congenser
Beer Colusn Vent Convensr
Fusei 0il Cooler
Rectification Clmm Rboilr
Rectification Clum Cndsr
Retfetn Clan Vent Cndse
Feed Preneater

Feed Cross Exchanper
Offgas Cooler

Feeg Cooler

Water Sterilizer

Xylose Fer, Coils
feliulase Fer. Coils

SSF Fer, Coils

TUBE SHELL
Rﬂg_ﬂ NAT'L/DP psig MAT'L/DP psig

6%

JTEMP deg F /TEMP deg F
57108 €s/108
£S/108 £S/100
£5/108 £5/108
£s/198 £5/109
£S/18 £s/100
£5/108 £5/100
Cs/189 €S/1e8
£5/129 C5/100
CS/188 £5/100
£5/108 £5/100
£5/180 £S/100
£S/108 £s/100
Cs/120 CS/189
CS/100 £s/18@
CS/108 CS/108
£5/120 £sS/100
{57100 £3/100
£5/100 £5/180
C5/108
£5/100
£5/108

EQUIPMENT LIST
HERT EXCHANGER

TYPE REMARKS
Fixed Tube  Single pass
Vent Londenser
Fixed Tube  Single pass
Vent Londenser
Vent Concenser
Vent Condenser
Renoiler
Fixed tube
Vent Congenser
Doudle pipe
Reboiier
Fixed tube
Vent Conoenser
Fixed tube
Floating head
Fixea tube
Fixed tuve
Jouble pipe
Coils
Loils
Coils

4 shell-8 tube pass

4.9 in 0D, Sch 18
6.9 in 0D, Sch 18
2.5 in D, Sch 10

BES!
- BESSF-313

BEGSF-410
BESSF-418
BESSF-510
BESSF-510
BESSF-510
BESSF-512
BESSF-510

BESSF-518

TOTAL
NO.  PURCHASED  PURCHASED
REQ'D  LOS7/UNIT COsT
1 $22, 680 $22, 680
1 $14, 100 $14, 100
1 $3, 000 $3, 008
1 $3,100 $3,120
2 417,608 $35, 208
i $3, 400 $3, 420
1 $58, 809 $58, 808 Peters
2 $15,688 $31,200
1 $3,400 3, 480
1 $488
1 $29, 820 $20, B0
1 $20, 808 $22,800
i 43, 530 $3, 408
1 $35, 400 $35, 408 H
1 $8, 300 $8, 200
5 $16, 6528 $83, 200
1 3200 $200
8 $2,990.00 $23,200
3 $13,900 $41,708
27. $1,000 $27, 208
Total Equipment Cost  $448, 208

all ef
Hall =t al. (388
Hall et ai. 988

SOURCE

Ulricn 1984
Hall ef al, 1982

et al, 198
et al. 1982
et al. 1982
st al. 1982
1968, ICARUS

1CARUS 1985
Kali ot ai. (982

Icarus 1985
Hall er ai. (988
Hali et al, 1982
49,609 Hall et al. 1988, Pe
‘t ai. 1988, Pe

Vendor Juote
Vengor Zuote
Veroor duote
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PB-B174/5
BA~968

6A-951
6F-381
BT-912

PX-3500/8/8

PK-351

EDUIPMENT
NAME

Line Mixer

Blowdown Tank Agitator
Neutralization Tank Apgitator
Line Dust Cyclone

Desiccant Air Filter
Impregnator with Rotary Valve
Prehyorolysis Reactor

Sead Held Tank Agitator
Xylose Ferventer Agitator
First Seed Vessel aitator
Second Seed Vessel Agitator
Third Seed Vessel Agitator
Fourth Seed Vessel Agitator
Prep Tank Agitator

Fermenter Apitator

Feed Tank fAgitator

Hold Tank Agitator

First Seed Vessel Agitatoer
Second Seed Vessel Rgitator
Third Seed Vesssel Agitator
SSF Ferwenter Agitator

Seed Hold Tamk Agitator (S.c.)
Seed Hold Tank Agitator (B.c.)

First Sepd Vessel fgitator (S.c.)
Second Seed Vessel Agitator {S.c.)
Third Seed Vessel Agitator {S.c.)
Fourth Seed Vessel Agitator (S.c.)
First Seed Vessel Agitator (B.c.)
Second Seed Vessel Agitator (B.c.)
Third Seeu Vessel Agitator {B.c.)
Fourth Seed Vessel Agitator (B.c.)

Centrifuge

Desiceant Rir Filter
Sludge Centrifuge

Offgas Burnew

Biotrester Agitators
Secondary Clarifier

Offgas Blower

feration Blowers

LP VYent Blower
Sterilization Tank Agitator
Cleaning Tank Agitator
Sand Filter

Cooling Tower System
Demireral izers

Condersate folisher
Hydrazine Addition Package
famonia fddition Packape
Phosphate Addition Package
Dearator

Instrument Air Dryer
Turbo Generator

Stean Boiler

Rir Compressor

Oip Compraceor Dackane

thilled Water Package

DUTY/DESCRIPTION

Single Inpelier
Singie Impeller

20 RSCFﬂb 15 1b/h selics

.5 cfn
2564 cu ft, 20 HP drive, 28 HP riry vlve
2564 cu i, 28 HP drive, 20 HP riry vive

Smgle Impeller/ 48 hp
ingle lmpeller
Single Iapeller
Single Iepeiler
Single Impeller
. Single Impeller
Singie Inpeller/ 10 hp
in?le 1opeller
Single Impeller/ 300 hp
Single Impeller/ 208 hp
Single Inpeller
Single Iepeller
Single Impeller
Single Impeller
Single Impeller/ 58 hp
Sinale Ispeller/ 75 hp
ingle Impeller
Single Impeiler
Single Impeller
Single Impeller
Singie Impeller
Single Impeller
Singie Impeller
Single Impeller
Solig Bowi
1588 cfn
Solid Bowl

Center feed, 180 ft diaester
2638 cfn, 2% peig discharge
1200 cfn, 25 psig discharge
2400 cofn, 20 psig discharge

Singie lmpeller
Single Impeller
34t dia, X Bft high
54003 gpu
208 gpw
1409 gpm

150 gal tank, 2 pusps, ! agitator
150 gal tank, 2 pumps, 1 agitator
158 cai tank, 2 pumps, 1 agitator

17008 gpn, 17008 gal
£08 sctw/ desicrant
b

28 "
1188 psia, 450?8%b/h 38F superheat

sefs
28888 scfm
3380 gpm, SO F

HP/
Unit

]

BN ss

SuBunsnLsBESLG

©
da

o8
2RORRRRERRRRRRRARARRRRRAR

13 -
& 8.8

[SUNIN

EQUIBMEYN
MISCELLANECLS

-
-

ML REMARKS

Hastalloy

SS 304
S5 384
s

Silica

C-28 Cb3 Lontinuous pulp digestor
C-28 b3 Continuous pulp digestor

Rssumed 75% SS cost
Silica
fAssuwed 73% 55 cost

38

Polyethylene

Tark
8.6 scaling factor
cs 8.6 scaiing factor

€S shell/ S5 internals
cs

$19, 600,28 Installed
8.7 scaiing factor
€5 8.7 scaling factor

-

-

DAY &
BESSF-218
BESSF-218
BESSF-220
BESSF-220

BESSF-348
BESSF-310
BESST-H08
BESSF-358
BESG-350

NO. PURCHASED
REW'D  COST/NIY

6,560, 20
8

1

1

1

1

1

2

2

1

8

1

1

1

i

1

3

1

1

2

2

2
27

1

i

1

1

1

1 $2, 508
1

1

{

1

3

1

1

1

1

1

1

2

2

1

1

i

1

2

2

1

1

1

1

1

1

1

1 $58,220
3 3600,3%
1 $608,20
Total Equipment Cost
Totai AP Required

.

TOTRL
PURCKASED
2osT SOURCE
$2,180 Icarus (967
$13,200 Chemcost
523,08 Chescost
{7 Chescos
$1, 008
$3,568, 380 Biack Clawson 1330
$3, 669, 089 Black Clawsor 1999
$16,308 Chewcost
$233,200 Chencost
$55,C00 Chescost
$16, 308 Chercost
$6, 208 Chemcost
$2,1 Chenmcost
$7,500 Cheacest
$225,30 Chescost
$127, %9 Chemcost
$75,300 Chescost
$33,300 Chescost
$6,000 Chencost
$3, 380 Chescosy
$807, 308 Chercost
$20, 1 Chemcost
$28, 706 Cheacost
$97,228 Chencost
$23,1 Chemcost
:g, a8 Chescost
1
$172, 682 Chescost
$28, 900 Chemcost
$7,608 Chentost
$2,730
$673, 200 Badger 1984
$38, 508 Icarus 1585
$128, 200 Badger 1984
$20,
$12,20
4260, 200 Ulrich 1984

$74,280 Peters and Timmernaus (988
$118,688 Peters and Timmernaus :2B3
$145, 200 “eters and Timwernaus 1932

$19, 608 Chedcost
$19,8% Cheacost
433,508 Icarus 1985
$751, 408 Badger 1984
$616, 408 Badger 1384
4208, 200
$15, 208
$15,002
$135,200
$133, 232 Badger 1984
$23,: 0 icarus 1583
$6, 509, 623 ABB Quote 1959
$8 ABB Quote 1598
$58,28 A.D. Little 1984
$1, 808, 440 A.D. Little 198¢
$600, 302
$21, 634, 300
1k7as
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Biosast To Ethanol
Simultaneous Saccharification ¢ Fermentation EQUIPMENT LIST
Project No. DOE/AFP/BESSF/02 TOWERS

TOTAL
EQUIPMENT DIA/RBHT NG, PRESS.  TEMP. NO.  PURCHASED PURCHACED
1TEM 3 NE {feet) TRAYS psi F MAT*L RENARKS DRW # RER'D COST/UNIT  COST inling
AS-681 Beer Columm 17.0/32 ie 15 388 cs BESSF-618 1 205,108 s2e5, 100 Icares (983
Rs-682 fectification Column 13.5/48 24 i5 30 cs BESSF-6eB 1 $132,588 192,58 Icarus 1985

Total Equip, Cost: $397,588
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